Endostatin is a cleavage product of collagen XVIII that has shown to inhibit tumor-angiogenesis in experimental tumor models. At present, the exact molecular mechanism of action of endostatin is not completely elucidated. In this study, we wanted to identify specific target genes of endostatin. For this purpose, the human renal cell carcinoma RC-9 was subcutaneously implanted in nude mice and treated with endostatin. Tumor growth was inhibited by endostatin after 4 days of treatment. Using immunohistochemistry and the hypoxia marker pimonidazole, we demonstrate disintegration of blood vessels and hypoxia and anoxia as a result of the treatment. Hereafter, we applied the polymerase chain reaction (PCR)-based subtractive suppression hybridization (SSH) method, together with the mirror orientation selection (MOS) technique to identify specifically induced and suppressed genes after endostatin-treatment. We found eight genes to be specifically induced and 11 to be suppressed by the endostatin-treatment. Among other genes, core binding factor a-1/ osteoblast-specific factor-2 (cbfa1/osf2) was found to be specifically suppressed by endostatin. Unexpectedly, cbfa1/osf2 was found to be specifically expressed in granulocytes in the tumor, not only in the experimental RC-9 tumor model, but in sections of human breast cancer as well. Since an effect of antiangiogenic therapy on granulocytes has been reported before, this might lead to new insights in the role of granulocytes in antiangiogenic therapy in general. In conclusion, the SSH-PCR implemented with the MOS-technique is a powerful tool to identify differentially expressed genes. Using these techniques, we have identified several target genes of endostatin, of which cbfa1/osf2 was found to be specifically expressed in granulocytes in the tumor. Keywords: cancer; cbfa1/osf2; endostatin; granulocytes; mirror orientation selection; suppression subtractive hybridization Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is dependent on a balance between pro-and anti-angiogenic factors. Antiangiogenic factors predominate in tissues where the vasculature is quiescent. In contrast, when the balance is in favor of proangiogenic factors, angiogenesis is promoted. This process is essential for the growth of solid tumors and facilitates metastasis, thereby providing a rationale for antiangiogenesis therapy in cancer 1,2 Tumor angiogenesis can be inhibited by endogenous antiangiogenic factors, which results in inhibition or even regression of tumor growth and metastasis in animals.
Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is dependent on a balance between pro-and anti-angiogenic factors. Antiangiogenic factors predominate in tissues where the vasculature is quiescent. In contrast, when the balance is in favor of proangiogenic factors, angiogenesis is promoted. This process is essential for the growth of solid tumors and facilitates metastasis, thereby providing a rationale for antiangiogenesis therapy in cancer 1, 2 Tumor angiogenesis can be inhibited by endogenous antiangiogenic factors, which results in inhibition or even regression of tumor growth and metastasis in animals. 3 One of these factors is endostatin. 4 Endostatin is a cleavage product of collagen XVIII that has shown to inhibit tumor-angiogenesis in experimental tumor models. Several studies have shown the inhibition of endothelial cell proliferation and migration and endothelial cell apoptosis in vitro, [4] [5] [6] [7] [8] and growth of tumors and metastases in vivo. [9] [10] [11] In animals, endostatin causes tumor vessels to collapse, which leads to the deprivation of oxygen and nutrients and results in apoptosis and necrosis of the tumor cells. 12, 13 No toxic side effects have been observed 4, 7 and systemic therapy has not shown to be associated with acquired resistance. 14 The results of preclinical studies on endostatin have been promising; however, the first phase I clinical trials have been disappointing. [15] [16] [17] Although endostatin showed no treatment-related toxicity, no significant antitumor effect was observed. In one study, a reduction in tumor blood flow and metabolism and an increase in apoptosis in tumor and endothelial cells was observed. However, no significant relationship between these biological markers and clinical outcome could be established. 18 Further preclinical studies on endostatin may lead to a better understanding of its mechanism of action and may lead to other, possibly more effective therapeutic approaches.
At present, the exact molecular mechanism of action of endostatin is not completely elucidated. Endostatin can bind to a 5 -and a v -integrins on the surface of human endothelial cells, thereby inhibiting endothelial cell function. 19 Also, endostatin can bind to glypican 20 and heparin and heparan sulfate. 21 It has been shown that the binding of endostatin to a 5 b 1 -integrin on the endothelial cell surface, results in a simultaneous or subsequent interaction with a heparan sulfate proteoglycan and caveolin-1. This interaction leads to an intracellular signaling cascade, which causes a reduced migratory capacity of the endothelial cell. 22 Furthermore, endostatin has also shown to modulate VEGF and Wnt signaling pathways and matrix metalloprotease-2 activation, [23] [24] [25] [26] which all play an important role in angiogenesis.
In a previous study we have shown strong inhibitory effects of endostatin on VEGF-induced migration of human umbilical vein endothelial cells (HUVECs) in vitro and on the growth of the human renal cell carcinoma RC-9 in vivo. 6 After subcutaneous implantation of the RC-9 tumor in nude mice, we showed regression and inhibition of tumor growth after daily administration of endostatin. This effect was most pronounced after 4 days of treatment, after which the tumor volume stabilized.
In order to study the effect and mechanism of action of endostatin, we wanted to identify which genes were specifically affected by the treatment. For this purpose, the human renal cell carcinoma RC-9 was implanted in nude mice and treated with endostatin for 4 days, after which we applied the polymerase chain reaction (PCR)-based complementary DNA (cDNA) suppression subtractive hybridization (SSH) technique. 27 The SSH-technique compares two messenger RNA (mRNA) populations and identifies differentially expressed genes in one population. Furthermore, we implemented the mirror orientation selection (MOS)-technique, which significantly reduces the amount of false-positive genes. 28 In the current work, we show that the endostatintreatment results in an effective inhibition of tumor growth, by causing disintegration of blood vessels, thereby generating hypoxia and anoxia, leading to tumor cell death. Hereafter, applying the SSHtechnique implemented with the MOS-technique, we found several genes to be specifically induced and several to be suppressed after the endostatintreatment. In order to verify differential expression, we studied the histological expression of calpain-2, found to be induced and core binding factor a-1/ osteoblast-specific factor-2 (cbfa1/osf2), found to be suppressed after endostatin-treatment.
Materials and methods

Cell Lines, Mice and Intratumoral Injection
The cell line RC-9 is derived from a patient with renal cell carcinoma in an advanced stage, which forms a solid tumor when transplanted in nude mice. Selected RC-9 tumor pieces of 1 mm 3 were subcutaneous implanted into the right flank of halothane-anesthetized 6-week-old BALBc nu/nu mice. The human mammary carcinoma cell line MDA-MB-231 was obtained from the American Type Culture Collection (Rockville, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium (Biochrom, Basel, Switzerland), 10% fetal bovine serum, and penicillin/streptomycin (p/s, Life Technologies, Breda, the Netherlands) in a humidified incubator at 371C at 5% CO 2 . For in vivo injections, cells were grown until 90% confluency and dissociated using 0.125% w/v trypsin, 0.05% w/v ethylenediaminetetraacetic acid (EDTA) solution in PBS (pH 7.2). Hereafter, 2 Â 10 6 cells/100 ml PBS/ 10% FCS were injected subcutaneously in the right flank of halothane-anesthetized 6-week-old BALBc nu/nu mice. After approximately 3 weeks, mice having tumors with a volume of 100 mm 3 were selected and divided into two groups. Tumor volume was assessed by measuring the two major diameters with a caliper and using the formula: tumor volume ¼ p/6(d1 Â d2) 1/2 . The treatment started when the tumor volume was approximately 250 mm 3 . Recombinant human endostatin was obtained from B Olsen (Harvard, Boston, USA) and was purified for in vivo use in mice as described earlier. 6 Mice bearing RC-9 tumors received daily injections around the tumor of 2 mg human endostatin in phosphate-buffered saline (PBS) during 4 days. The control group received injections of PBS alone. Mice bearing MDA-MB231 tumors received daily injections around the tumor of 200 mg endostatin as previously described. 29 After treatment, tumors were surgically removed and animals were killed. Tumors were cut in half, where one half was used for RNA isolation and one for immunohistochemistry. For RNA isolation, tumors were suspended in 2 ml 4 M guanidinium isothiocyanate lysis buffer and stored at À801C until further use. For immunohistochemistry, the tumors were fixed in zinc-Macrodex formalin (ZnMF) fixative (0.1 M Tris acetate (pH 4.5) containing 0.5% zinc-acetate, 5% dextran, and 10% formalin) overnight at room temperature.
Immunohistochemistry
After overnight fixation, tissue was washed three times with PBS and subsequently processed for paraffin embedding. Human bone sections were decalcified in 5% sodium EDTA for 5 days at 41C prior to paraffin embedding, as previously described. 30 Immunohistochemistry was performed on 5 mm of ZnMF-fixed paraffin-embedded sections. Sections were rehydrated and washed with PBS, followed by incubation with 40% methanol/1% H 2 O 2 in PBS for a half an hour at room temperature to block endogenous peroxidase activity. After washing with PBS, the sections were incubated with 5 mg/ml proteinase K in 100 mM Tris pH 8.0/ 50 mM EDTA pH 8.0 for antigen-retrieval. Thereafter, sections were washed twice with PBS, once with 0.1 M Tris-buffered saline (pH 7.4) containing 0.02% Tween 20 (TNT) and blocked with 0.5% Boehringer milk protein (BMP) (Boehringer, Mannheim, Germany) in TNT for 1 h at 371C. This was followed by overnight incubation at 41C with the primary antibody, diluted in BMP/TNT. The mousespecific rat monoclonal antibody ER-MP12/CD31 that binds to PECAM-1 was kindly provided by Dr P Leenen (Erasmus University of Rotterdam, The Netherlands). The mouse-specific rat monoclonal macrophage antibody F4/80 was a kind gift from Dr P Nijweide (Department of Molecular Cell Biology, Leiden University Medical Center, Leiden, The Netherlands). The mouse-specific rat monoclonal granulocyte antibody RB6-8C5 that reacts with Ly-6G, (also designated GR-1), was purchased from Pharmingen (Alphen aan den Rijn, The Netherlands). The goat polyclonal antibody calpain-2 that binds the large subunit of calpain-2 and the rabbit polyclonal antibody PEBP2aA (M-70) that binds to PEBP2aA, (also designated Cbfa1, Osf2 and AML3), were purchased from Santa Cruz Biotechnology (Heerhugowaard, The Netherlands). After three washes with TNT, the sections were then incubated with biotinylated secondary antibody diluted in BMP/TNT for 45 min at 371C, followed by incubation with horseradish (HRP)-conjugated streptavidin (Amersham Pharmacia Biotech) diluted in BMP/ TNT for 30 min at 371C. The signal was then amplified using biotinylated tyramids as described, 31 followed by incubation with streptavidin-HRP and final detection by the chromogen 3-amino-9-ethyl-carbazole (AEC), (Sigma Chemicals, Zwijndrecht, The Netherlands). The sections were counterstained with Mayer's Haematoxylin for 1 min and mounted under glass coverslips with aquamount. Representative pictures were taken with a Nikon DXM 1200 digital camera. Granulocytes were differentiated on the basis of morphology.
The Hypoxia Marker Pimonidazole
Hypoxia in the endostatin-treated tumors was determined as previously described. 32 Briefly, mice were intravenously injected via one of the lateral tail veins with 0.1 ml of a solution of saline containing 2 mg of the hypoxia marker pimonidazole-hydrochloride. This marker was given 30 min before the animals were killed. For further analysis, four to five frozen sections (5 mm thick) through central and peripheral tumor areas were prepared. Hereafter, sections were fixed in acetone and incubated overnight with rabbit antisera to pimonidazole adducts. The sections were then incubated with a fluorescent antibody and analyzed for the hypoxia signal using fluorescence microscopy.
RNA and mRNA Isolation
RNA was isolated from a control and endostatintreated RC-9 tumor according to the method described by Chomczynski and Sacchi. 33 In brief, RC-9 tumors were homogenized in 2 ml lysis buffer, extracted with phenol and chloroform, precipitated at À201C with 100% isopropanol, resuspended in autoclaved denatured water, and stored at À801C. RNA concentration was determined spectrophotometrically assuming 40 mg/ml per optical density at a wavelength of 260 nm (1 cm path length). mRNA was isolated from control and endostatin-treated RC-9 tumor RNA samples by using the Dynabeads mRNA Purification Kit in accordance with the manufacturer's instructions (Dynal AS, Oslo, Norway).
SSH and the MOS Technique
SSH was performed using the PCR-Selectt cDNA Subtraction Kit (Clontech, Heidelberg, Germany). In this experiment, a forward and a reverse subtraction was performed. In the forward subtraction, mRNA of a control RC-9 tumor was referred to as tester and mRNA of an endostatin-treated RC-9 tumor as driver, and vice versa in the reverse subtraction. In addition, a control provided in the kit was included. cDNA was synthesized from both RC-9 mRNA samples and the control from the kit (human skeletal muscle mRNA) in accordance with the manufacturer's instructions. The cDNA of the RC-9 tumor samples and the control skeletal muscle cDNA were digested with RsaI for 1.5 h at 371C. Hereafter, digested RC-9 tumor samples were divided in a tester and a driver sample. To produce a control tester, 0.2% HaeIII digested jX174 DNA was mixed with 1 ml of the skeletal muscle cDNA. The tester samples were ligated with two cDNA adaptors. To verify a ligation efficiency of at least 25%, a ligation efficiency test was performed, according to the manufacturer's instructions. Subsequently, two hybridizations were performed. In the first hybridization, an excess of driver was added to each tester sample. The samples were heat denatured for 1.5 min at 981C and allowed to hybridize for 8 h at 681C. The second hybridization consisted of adding freshly denatured driver cDNA to the two first hybridization samples. The samples were incubated overnight at 681C. From hereon, the SSH-protocol was implemented with the MOStechnique as described by Rebrikov et al. 28 Briefly, each sample was divided into 10 independent samples and a 30-cycle primary PCR was performed. The 10 independent samples were then combined and a 12-cycle secondary PCR was performed using the same primer and conditions as the primary PCR. A nested PCR was performed with primers as described. The samples were then phenol/chloroform extracted and ethanol precipitated and adaptors were removed by XmaI digestion. Another hybridization was performed using freshly denatured driver and a final PCR was performed.
DNA Cloning
The differentially expressed sequences of the forward and reverse subtraction were cloned into a pCR s II vector using the TA cloning kit (Invitrogen, Groningen, the Netherlands). Two different concentrations of the PCR products, 0.5 and 1.5 ml, and 50 ng vector were used in the ligation reaction. Subsequently, 2 ml of each reaction was added to TOP10F' cells and incubated on ice for 30 min. The samples were subjected to a heat shock of 30 s at 42 C, 250 ml of SOC medium was added and the samples were incubated at 371C for 1 h. Of each sample 10 and 25 ml were plated on Luria Bertani (LB) plates containing 50 mg/ml ampicillin (Roche Diagnostics GmbH, Mannheim, Germany), 42 ml IPTG (20 mg/ml) (Gibco/BRL Life Technologies), and 80 ml X-Gal (20 mg/ml) (Gibco/BRL Life Technologies). The plates were incubated overnight at 371C. The white colonies were picked and the inserts were amplified in a PCR using M13 primers (Gibco/BRL Life Technologies). The PCR products were purified using Microspin S-300 HR columns (Amersham Pharmacia Biotech). The purified PCR products were analyzed for differential expression by Southern blotting. Differentially expressed PCR products were sequenced by the Leiden Genome Technology Center (LGTC). The sequences were compared to available sequence databases, using Basic Local Alignment Search Tool (BLAST).
Southern Blotting
For probe synthesis, a nested PCR was performed with the unsubtracted controls of the forward and reverse subtraction. The products were digested with RsaI for 2 h at 371C and the PCR products were purified using Microspin S-300 HR columns (Amersham Pharmacia Biotech). Thirty ng of each product was denatured for 3 min at 1001C and added to Ready-To-Go DNA labeling beads (Amersham Pharmacia Biotech). Thereafter, 5 ml a[ 32 P]dCTP was added and samples were incubated at 371C for 30 min. Unincorporated nucleotides were removed by using a ProbeQuant G-50 Micro Column (Amersham Pharmacia Biotech). Before hybridization, the probes were denatured for 5 min at 951C and put on ice for 5 min. For Southern blotting, 50 ng M13 PCR product of each clone was loaded on a 1% agarose gel containing 0.5 mg ethidium bromide. After running, the gels were incubated in 0. 4 
, 0.25% SDS, 50 mg/ml denatured fragmented salmon sperm DNA) was added, supplemented with 0.5 mg/ml denatured KS cell (a mouse osteoblast cell line) DNA. The blots were prehybridized for 2.5 h at 651C. This was followed by hybridization of the blots overnight at 651C with the a[
32 P]dCTP labeled probes of the unsubtracted control of the forward or the reverse subtraction. Thereafter, the blots were washed in 1 Â SSC/0.1% SDS for 20 min, then in 0.3 Â SSC/0.1% SDS twice for 10 min and in 0.1 Â SSC/0.1% SDS for 10 min at 651C. The blots were exposed to a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA) screen and analyzed.
Statistical Analysis
The data are expressed as mean7s.d. For comparing endostatin-treated RC-9 tumor volumes with control tumor volumes, a Student's t-test was used. A P-value of o0.05 was considered significant.
Results
Effect of Endostatin on RC-9 Tumor Volume In Vivo
In order to characterize the effect of endostatintreatment and to investigate which genes are specifically induced and suppressed after the treatment by using the SSH-PCR, RC-9 tumors were treated with endostatin or PBS. The human renal cell carcinoma RC-9 was subcutaneous implanted in BALBc nu/nu mice. When a tumor volume of approximately 250 mm 3 was reached, daily injections of PBS or 0.2 mg recombinant human endostatin were administered around the tumor during 4 days. This dose and duration have proven to give optimal regression in previous experiments.
6 Figure  1 shows the effect of endostatin-treatment on tumor
Immediately after starting the treatment, the average tumor volume regresses compared to the control tumor volume. After 4 days of treatment, the difference in average tumor volume is significant (Po0.05). At day 5, tumors were surgically removed and prepared for immunohistochemical analysis and RNA isolation.
Immunohistochemical Analysis of the Effect of Endostatin on RC-9
To study the effect of endostatin-treatment, we stained RC-9 tumors treated for 4 days with MP12 (PECAM-1/CD31), which recognizes endothelial cells and F4/80, which recognizes mature macrophages. Figure 2a shows an MP12 staining of an endostatin-treated tumor, in which MP12 stains the anatomical vessels. Figure 2b shows a F4/80 staining of an endostatin-treated tumor, in which F4/80 specifically stains tissue-macrophages. As can be seen in Figure 2a , 4-day endostatintreatment results in a necrotic center of the tumor without any vessel present (A), whereas the vessels in the outer rim of the tumor remain present after the treatment (B). Between the necrotic center and outer rim of the tumor, the vessels show a loss of integrity as indicated by discontinuation in MP12 staining (C). Figure 2b shows that the necrotic center of the tumor (A) is separated from the viable outer rim of the tumor (B) by a small and distinct border containing a large quantity of tissue-macrophages (C).
Characterization of Hypoxia in Endostatin-Treated RC-9 Tumors
In order to further characterize the effect of the endostatin-treatment on RC-9 tumors after 4 days, we used pimonidazole as a hypoxia marker. As can be seen in Figure 3a , the control RC-9 tumor shows little or no hypoxia, confirming a well-vascularized tumor. Figure 3b shows the endostatin-treated tumor. The center of the tumor has no functional vasculature and therefore, no pimonidazole-positive hypoxic area is observed. The distinct ring around the necrotic center, which contains macrophages and collapsing vessels, however, is strongly hypoxic. The outer ring of the tumor, with unaffected 
Differential Gene Expression in RC-9 after EndostatinTreatment
In order to examine as to which genes are specifically induced and suppressed after the endostatintreatment, we performed an SSH using mRNA from an endostatin-treated RC-9 tumor and from a control RC-9 tumor. After performing the SSH, the obtained sequences of the forward and reverse subtraction were checked for differential expression using Southern blotting and subsequential hybridization with tester cDNA (data not shown), before sequencing. Since RC-9 is a tumor of human origin, sequences found to be differentially expressed may be human or mouse, with human sequences being exclusively expressed by tumor cells, and mouse sequences by mouse derived tissue. Table 1a shows the genes found to be specifically induced and Table  1b shows the genes being specifically suppressed after endostatin-treatment in RC-9. In order to confirm differential expression, we examined the expression of an apoptosis-related gene, (calpain-2), which we found to be upregulated and a bonespecific gene (cbfa1/osf2), which was unexpectedly found to be specifically suppressed after endostatintreatment. The expression of both genes was examined at protein level, by using immunohistochemical analysis.
Screening of Differential Expression of Calpain-2 in RC-9
In order to verify the differential expression of calpain-2, we used several different control and endostatin-treated sections for immunohistochemical analysis. As can be seen in Figure 4a , control RC-9 tumors were negative for calpain-2, whereas sections of endostatin-treated RC-9 tumors stained positive for calpain-2 ( Figure 4b ). The positive expression was located to tumor cells.
Screening of Differential Expression of cbfa1/osf2 in RC-9
In order to determine the expression pattern of cbfa1/osf2, which we found to be suppressed after endostatin-treatment, sections of different control RC-9 tumors and endostatin-treated tumors were used for immunohistochemical analysis. Human bone sections were used as a positive control ( Figure  5a ). In these sections, osteocytes (A) and bone-lining osteoblasts (B) show a positive nuclear staining, in agreement with previous reports. 34, 35 The bone marrow (C) shows no staining. The expression pattern of cbfa1/osf2 was unexpected. Sections of control RC-9 tumors showed a positive nuclear staining of granulocytes (Figure 5b) , whereas endostatin-treated tumors showed no staining ( Figure  5c ). Endostatin-treated RC-9 tumors did show to contain granulocytes, when sections were stained with a granulocyte-specific antibody (Figure 5d ). As shown in Figure 6 , the granulocytes we found to stain positive for cbfa1/osf2 included neutrophylic granulocytes (a), eosinophylic granulocytes (b) and basinophylic granulocytes (c). In order to determine whether loss of cbfa1/osf2-positive granulocytes was restricted to endostatintreatment in the RC-9 tumor model, we stained histological sections of endostatin-treated MDA-MB231 tumors, which we found to be sensitive to endostatin-treatment as well. 29 As shown in Figure  7 , cbfa1/osf2-positive granulocytes were present in control MDA-MB231 tumors (a) and were absent after endostatin-treatment (b).
Expression of cbfa1/osf2 in Sections of Human Breast Cancer
In order to determine whether cbfa1/osf2-expression was limited to granulocytes found in the experimental RC-9 tumor model, we stained several sections of primary tumors and lymph node metastases of several patients suffering from breast cancer. We found expression of cbfa1/osf2 in granulocytes in both primary tumors (Figure 8 ), as well as in lymph node metastases. Positive granulocytes were found in five of the nine primary tumors and in four of the 11 lymph node metastases stained for cbfa1/ osf2. Preliminary data show no significant correlation between the expression of cbfa1/osf2 by granulocytes in primary tumors or lymph node metastases and prognosis (data not shown).
Discussion
In this study, we have shown that endostatintreatment of human RC-9 xenografts in nude mice causes disintegration of blood vessels and subsequent tumor necrosis. Using the SSH-PCR combined with the MOS-technique, we found several genes to be specifically upregulated or suppressed by the endostatin-treatment. Among others, one gene, that was found to be specifically suppressed by endostatin, was cbfa1/osf2. cbfa1/osf2 was specifically expressed in tumor-associated granulocytes.
Previous studies show that endostatin is an effective inhibitor of tumor growth in experimental tumor models. 6, 7, [9] [10] [11] [12] [13] [14] In line with these studies, we have shown that endostatin inhibits the growth of human renal cell carcinoma RC-9 xenografts in nude mice. We show that the endostatin-treatment results in disintegrating blood vessels and hypoxia and anoxia, leading to tumor necrosis. This was indicated by a loss of nuclear staining of tumor cells in the center of the tumor. Furthermore, the center area of the tumor was surrounded by a distinct rim of tissue-macrophages, most likely present to remove The frequency refers to the number of clones that showed homology with the identical gene found in the sequence database. c As human xenografts were used in nude mice, sequences could be reduced to human or mouse origin. The value for the probability that the sequence match is found due to chance. e NCBI accession numbers of the defined sequences, which can be used to retrieve gene definitions at http://www.ncbi.nih.gov in the nucleotide section. All sequences shown in this table were tested for specificity using Southern blotting.
Endostatin suppresses cbfa1 in granulocytes J van Wijngaarden et al dead tissue. These observations are in concordance with previous studies, which show that endostatin can selectively induce apoptosis of tumor endothelial cells in vitro and in animals, depriving the tumor of oxygen and nutrients and resulting in tumor cell death. 5, 8, 12, 13 Applying the SSH-PCR technique combined with the MOS-technique, we found eight genes to be specifically induced and 11 to be suppressed by endostatin-treatment. Calpain-2 (large subunit) was among the genes that were specifically induced by the endostatin-treatment. Calpain-2 (or m-calpain) upregulation has been shown in response to a variety of apoptotic stimuli, in various cell types. [36] [37] [38] [39] It has been shown, among others, that calpain-2 mediates the cleavage of Bax, a proapoptotic protein, during drug-induced apoptosis of HL-60 cells. 40 It has also been shown that calpain activation occurs after cleavage of caspase substrates and DNA fragmentation. 41 In our experimental conditions, the induction of calpain-2 is likely to be the result of the tumor cell apoptosis and death induced by the endostatin-treatment.
Fibronectin is an example of a gene that was specifically suppressed after the endostatin-treatment. Fibronectin is the ligand of a5b1-integrin, which plays an important role in the antiangiogenic effect of endostatin. 22 It has been shown that endostatin binds to a5b1-integrin in an RGD motifdependent manner and competes for the RGDbinding sites within fibronectin. 42 The mRNA levels of fibronectin have also shown to be significantly reduced in wounds of endostatin-treated mice 43 and in endostatin-treated endothelial cells. 44 This is in agreement with the specifically suppressed mRNA levels of fibronectin in our model. Taken together, these data are in favor of a reduced a5b1-integrin interaction with fibronectin as a result of the endostatin-treatment, which may affect the migration and survival of endothelial cells and possibly the tumor cells as well.
A second gene that was specifically suppressed after endostatin-treatment, was cbfa1/osf2. cbfa1/ osf2 (or Runx-2, AML-3, PEBP2a-A, or NMP-2) is known as a required transcriptional regulator of osteoblast differentiation and bone formation. [45] [46] [47] Therefore, our finding of cbfa1/osf2 expression in granulocytes in control RC-9 tumors was unexpected. cbfa1/osf2 belongs to the family of mammalian Runt-domain containing factors, consisting of three characterized factors. 48 Like the two other family members, cbfa1/osf2 was first thought to play an important role in hematopoiesis. Surprizingly, few hematopoietic defects were seen in cbfa1/osf2 knockout mice. Mice embryos lacking cbfa1/osf2 had more granulocytes and fewer B cells than wildtype embryos. 45, 46 cbfa1/osf2 knockout mice also demonstrated extramedullary hematopoiesis in the spleen and liver due to the congenital absence of bone marrow. 49 To our knowledge, this is the first report on expression of cbfa1/osf2 in granulocytes.
After endostatin-treatment, cbfa1/osf2-expressing granulocytes were no longer present in the tumor. Neutrophilic granulocytes have reported to be a target for the antiangiogenic effect of angiostatin, another naturally occurring inhibitor of tumor angiogenesis. 50 Furthermore, it has been shown that neutrophilic granulocytes express a 5 b 1 -integrins, which can functionally bind to fibronectin. 51, 52 It has been reported that endostatin can bind to a 5 b 1 -integrins 22 and we show here that fibronectin is specifically suppressed. Taken together, it is conceivable that the endostatin-treatment has an effect on granulocytes.
It is important to note that, although cbfa1/osf2-positive granulocytes were absent in the tumor after endostatin-treatment, granulocytes were still present. In addition, cbfa1/osf2 expressing granulocytes were not found in bone marrow of nude mice. Whether cbfa1/osf2 expression by granulocytes is restricted to a specific subset of tumor-associated Endostatin suppresses cbfa1 in granulocytes J van Wijngaarden et al granulocytes or granulocytes that are, for example, activated by certain inflammatory stimuli warrants further investigation.
In line with our findings in the RC-9 tumor model, cbfa1/osf2-positive granulocytes were present in nontreated MDA-MB231 tumors and were absent after endostatin-treatment. This tumor model has previously been shown to be sensitive to endostatintreatment as well. 29 Taken together, this indicates that the loss of cbfa1/osf2-positive granulocytes might be a more common phenomenon in response to endostatin-treatment. Whether or not the absence of cbfa1/osf2-positive granulocytes is related to the efficacy of endostatin to inhibit tumor growth needs further investigation.
Also, we found expression of cbfa1/osf2 by granulocytes in histological sections of tumors of patients suffering from breast cancer. cbfa1/osf2-positive granulocytes were both found in primary tumors as well as in lymph node metastases; however, preliminary data did not show a statistical significant correlation between cbfa1/osf2 expression in granulocytes and disease-free survival or prognosis. The finding of cbfa1/osf2-positive granulocytes in sections of patients suffering from mammary caricinoma shows that the results obtained are not restricted to experimental tumor models alone.
In summary, we have demonstrated that endostatin causes hypoxia and anoxia and tumor cell death in the mouse. Endostatin specifically induced and suppressed several genes. Among other genes, cbfa1/osf2 was specifically suppressed by endostatin. Unexpectedly, cbfa1/osf2 was expressed in granulocytes in the tumor. Since an effect of different antiangiogenic therapy on granulocytes has been reported before, this might lead to new insights in the role of granulocytes in antiangiogenic therapy in general. The mechanistic and functional role of cbfa1/osf2 in granulocytes warrants further investigation. Endostatin suppresses cbfa1 in granulocytes J van Wijngaarden et al
